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© Continuous process for ethanol production by bacterial fermentation. 



© A continuous process for the production of 
ethanol by fermentation with strains of Zvmomonas 
is provided. Metabolic processes, are limited by the 
nutrients nitrogen, potassium and phosphorus. When 
growth is limited by one of these nutrients, the 
biomass expresses its maximum value for both q s . 
and q p at any given value of D and S r . The process 
is conducted at a lower biomass concentration and a 
higher specific rate of ethanol formation than a simi- 
lar process conducted with a nutrient medium that is 
not limited in nitrogen, potassium or phosphorus. A 
method of improving performance of Zvmomonas in 

^continuous ethanol fermentation at increased tern- 

^peratures is also provided. 
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CONTINUOUS PROCESS FOR ETHANOL PRODUCTION BY BACTERIAL FERMENTATION 



This invention relates to the byconversion of a 
substrate by bacterial fermentation, and more par- 
ticularly, to a continuous process for the production 
of ethanol by fermentation using strains of 
Zymomonas bacteria- 
Bacterial ethanol fermentation has been known 
in the art for many years, and in recent years 
fermentation using strains of Zvmomonas mobiiis 
has received increasing attention. The Z. mobiiis 
strains convert a suitable substrate, such as glu- 
cose or another sugar, to ethanoL Significantly 
higher specific rates of sugar uptake and ethanol 
production and improved yield compared to tradi- 
tional yeast fermentation have been reported for 
these Zvmomonas strains. 

Fermentation by Z. mobiiis has been carried 
out in batch and continuous culture. The fermenta- 
tion product (ethanol) is dissolved in the liquid 
medium in the fermenter. The liquid medium is 
separated from solids (chiefly biomass) before the 
ethanol is recovered. Separation of these two 
phases early in the product-recovery process train 
is required. Before such a fermentation achieves 
commercial acceptance, however, productivity 
must be improved. The reported efforts to date 
have focused on developing more productive bac- 
terial strains and modifying the configuration of the 
fermenter used in the fermentation. For example, 
improvement in ethanol productivity using a con- 
tinuous culture with a cell recycle system has been 
reported with Z. mobiiis strains. 

Recovery of the fermentation product can be a 
complex and multifaceted task. A significant pro- 
portion of the overall cost in a fermentation plant 
often must be spent for ethanol recovery. A re- 
cently reported technique involves the use of a 
ffccculent strain of Z. mobiiis that settles in the 
fermenter allowing the supernatant containing the 
ethanol to be withdrawn while leaving a majority of 
the cells in the fermenter. This method is based on 
the weil-known gravity sedimentation principle for 
separating liquids and solids. The more conven- 
tional approaches for separating fermentation broth 
from biomass involve the withdrawal of a portion of 
the culture medium from the fermenter and separa- 
tion of the two phases by centrifugation or filtration 
techniques. Regardless of the technique employed, 
for a particular ethanol recovery process, it is desir- 
able to reduce the quantity of biomass in order to 
reduce the load of solids on the sedimentation, 
centrifugation or filtration apparatus. 



At the same time, however, the yield of ethanol 
from the fermentation must be maximized. Since 
product formation cannot occur in the absence of 
biomass, ethanol formation is dependent on cell 

5 mass concentration. In fact, the rate of ethanol 
production in the fermenter is directly proportional 
to the quantity of biomass in the fermenter under 
steady state conditions. Thus, within the limits of 
the metabolic regulatory controls of the microor- 

to ganism and process dynamics, increasing the 
biomass in the fermenter while maintaining other 
conditions constant will shorten the time required to 
produce a given amount of ethanoL However, this 
seemingly simple approach for optimizing process 

75 performance will have an adverse effect on the 
ethanol recovery process because the load of 
solids on the separating equipment will be cor- 
respondingly increased. 

It is well known that the substrate, such as 

20 glucose, is the largest item of raw material cost in 
the fermentation. Therefore, the presence of sub- 
strate in the effluent from the fermenter in a con- 
tinuous fermentation is to be avoided. The continu- 
ous fermentation should be conducted at optimum 

25 process product yield, which occurs when the sub- 
strate is completely converted to ethanol and when 
the substrate is minimally diverted from product - 
(ethanol) formation to ceil mass synthesis (i.e., 
when the growth yield with respect to carbon sub- 

30 strate is minimized). 

Thus, there exists a need in the art for a 
continuous process for the production of ethanol 
using strains of Zvmomonas in which the substrate 
fed to the fermenter is converted to ethanol in as 

35 short a time as possible. The process should per- 
mit a reduction in the quantity of biomass in the 
fermenter in order to obtain a corresponding reduc- 
tion in the load of solids on the ethanol recovery 
apparatus. In addition, the quantity of substrate in 

40 the effluent from the fermenter should be mini- 
mized. 

This invention aids in fulfilling these needs in 
the art by providing a continuous process for the 
production of ethanol. It aims to improve the fer- 

45 mentation performance of strains of Zvmomonas in 
continuous fermentations wherein metabolic pro- 
cesses are limited by various nutrients, these nu- 
trients being nitrogen, potassium or phosphorus. It 
has been found that when growth is limited by 

so limiting one of these nutrients, the biomass ex- 
presses its maximum value for both specific rate of 
substrate uptake (q s ) and specific rate of product 
formation (q p ) at any given value of dilution rate - 
(D) and substrate concentration (S r ). One of the 

55 
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criteria for assessing the improvement in perfor- 
mance of Zvmomonas according to this invention 
is the increase in the specific rate of ethanoi - 
(product) formation (q p ). The response of 
Zvmomonas with respect to nutrient limitation by 
nitrogen, potassium or phosphorus could not be 
predicted from prior teachings. That Zvmcmcnas 
expresses a maximal value for q p (and q s ) under 
conditions of nutrient limitation was not a predict- 
able phenomenon. The process of this invention is 
conducted at a lower biomass concentration and a 
higher specific rate of ethanoi formation than a 
similar process conducted with a nutrient medium 
that contains the nutrient in excess. 

In one version of this invention, a method of 
improving continuous ethanoi production by bac- 
terial fermentation with strains of Zvmomonas is 
provided without changing the fermentation tem- 
perature; and carrying out the fermentation under 
nutrient-limiting conditions. The limiting nutrient is 
either nitrogen, potassium or phosphorus. The im- 
position of nutrient limitation makes it possible to 
conduct the fermentation at a lower biomass con- 
centration at a given substrate concentration in the 
feed stream to the fermenter or at a given dilution 
rate than under conditions of nutrient-excess. Con- 
sequently, for a given substrate concentration in 
the feed stream to the fermenter or a given dilution 
rate, the fermenter can be operated at a higher 
specific rate of product formation under the 
nutrient-limiting conditions than under the nutrient- 
excess conditions. Moreover, as the concentration 
of substrate in the feed stream is increased or as 
the dilution rate is increased, the biomass in the 
fermenter also increases, but the biomass level is 
less under nutrient-limiting conditions than under 
conditions of nutrient-excess. Furthermore, nutrient- 
limitation does not appreciably affect product yield 
(Y p/ s can be increased in some instances) when 
compared with a similar fermentation carried out 
under nutrient-excess; the yield at a given sub- 
strate concentration in the feed stream or a given 
dilution rate is substantially the same under 
nutrient-limiting conditions as under nutrient-excess 
conditions. In addition, product yield is substantially 
unaffected under nutrient-limiting conditions when 
either the concentration of substrate in the feed 
stream or the dilution rate is increased. At the 
same time, substantially all the substrate is con- 
verted to ethanoi; unconverted substrate in the 
effluent can be avoided. 

The amount of the limiting nutrient in the cul- 
ture medium required to achieve nutrient-limited 
fermentation is preferably proportional to the con- 
centration of substrate in the feed stream to the 
fermenter and to the dilution rate. In order to main- 



tain a specific rate of product formation, the 
amount of the limiting nutrient in the fermentation 
medium must be increased as the concentration of 
substrate in the feed stream is increased. Similarly, 

5 when the dilution rate is increased, the amount of 
limiting nutrient in the fermentation medium must 
be increased to maintain the specific rats cf prod- 
uct formation. 

In a situation where high cell density is artifi- 

io daily maintained, such as in a single-stage recycle 
system, a higher overall productivity could be 
maintained with the nutrient-limited fermentation of 
this invention. In such a system, th£ upper limit to 
the productivity of the fermenter is often deter- 

75 mined by the capacity of the recycle device to 
handle a maximum biomass load. Nutrient limita- 
tion results in a reduction in the biomass level 
without significantly altering the capacity of the 
fermenter to handle the same substrate load. 

20 Another aspect of this invention seeks to pro- 
vide a method of improving performance of 
Zvmomonas in continuous ethanoi fermentation at 
increased increased temperatures. It has surpris- 
ingly been found that the specific rate of substrate 

25 uptake can be maintained, and even increased, at 
fermentation temperatures of about 33° to about 
37° C even though there is a lower biomass con- 
centration in the fermenter. These results can be 
achieved without substantial amounts of substrate 

30 in the effluent from the fermenter. These advan- 
tages have a positive impact on product recovery 
and process economics. In this version of the in- 
vention continuous ethanoi fermentation is carried 
out with Zvmomonas strains under nutrient-limited 

35 conditions, where the limiting nutrient is nitrogen, 
potassium or phosphorus. The concentration of the 
limiting nutrient in the fermentation medium is in- 
creased with increasing temperature and de- 
creased with decreasing temperature. 

40 The Figure is a schematic drawing of fermenta- 
tion apparatus of the type that can be employed in 
practicing the process of this invention. 

The accompanying Figure will provide a back- 
ground for the following discussion in which the 

45 method and apparatus for carrying out this inven- 
tion are described in detail. Referring to the Figure, 
nutrient medium 1 in reservoir 2 is fed by a pump 
3 to a fermenter 4 containing a fermentation me- 
dium 5. The medium is maintained at a constant 

so volume in the fermenter by means of an overflow 
weir 6 that empties into a container 7. Carbon 
dioxide formed during the fermentation is vented at 
8. 
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The fermenter 4 is provided with an agitator 9 
for mixing the fermenter contents. A pH probe 10 is 
immersed in the fermentation medium 5 and is 
connected to a pH controller 11 for regulating the 
amount of pH regulating agent 12 in reservoir 13 
added by a pump 14 to the fermentation medium 
5. 

The temperature of the fermentation medium is 
monitored by temperature probe 15. The fermenta- 
tion medium is heated or cooled as required 
through a coil 16 and regulated by the temperature 
controller 17. 



The fermentation medium is formulated so that 
all but a single essential nutrient are available in 
excess of the amount required to synthesize a 
desired cell concentration. The single growth-limit- 
ing nutrient controls the size of the steady-state 
cell population. 

Conventional expressions are used throughout 
this description when the kinetics of the fermenta- 
tion process are discussed. The abbreviations iden- 
tified in the following list have been used in order 
to facilitate the discussion. Units of measure have 
been included where appropriate. 



75 



So 

V 

X 

[PI 



Substrate concentration in the feed stream 
to the fermenter; g/liter, i.e. g/L. 

Substrate concentration in the effluent 
from the fermenter; g/L. 

Volume of fermentation medium in the 
fermenter; L. 

Concentration of biomass in the 
fermentation medium (dry basis); g/L. 

Concentration of ethanol in the 
fermentation medium; g/L. 

Specific growth rate (mass); hr~l. 



D 

N* 

qs 



max 



max = 



Dilution rate; hr" 1 . 

Amount of a given nutrient; g. 

Specific rate of substrate uptake; 
g substrate/g biomass-br~l . 

Maximum observed specific rate of substrate 
uptake; g substrate/g cell-hr~l. 

Specific rate of ethanol formation; 
g ethanol /g biomass -hr~*. 

Maximum observed specific rate of 
ethanol formation; g ethanol/g 
cell-hr* 1 . 
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VP « Volumetric Productivity; 

g ethanol/g cell-hr* 1 . 

Y n » Growth yield coefficient for a specified 

limiting nutrient, n; g dry biomass/g- 
atom nutrient. 



n ■ Limiting nutrient, i.e., nitrogen, 

potassium or phosphorus. 

Yp/ S ■ Product Yield Coefficient = q p /q s ; 

g ethanol produced/g substrate consumed. 

Y x/s " Growth Yield Coefficient; g biomass/ 
g-atom of substrate consumed, 

YE ■ Yeast extract (Difco) in aqueous medium; 

g/L. 

AC - High grade anhydrous NH4CI in aqueous 

solution; g/L. 

AS * High grade anhydrous (NH4)2S04 in 

' aqueous solution; g/L. 

Eth ■ Ethanol. 



Glu = Glucose. 



Nutrient-Limited Fermentation 

As used herein, the expression "nutrient-limited 
fermentation" and similar expressions mean a fer- 
mentation of an organic substrate by a 
Zvmomonas strain, where the fermentation is car- 
ried out in a continuous process under steady-state 
conditions in a medium in which one or more 
nutrients are present in an amount such that the 
rate of growth is limited by the availability of one or 
more of the essential nutrients. 

As used herein the expression "limiting nu- 
trient" means nitrogen, potassium or phosphorus. 

The process of this invention is carried out as a 
continuous fermentation. The term "continuous" is 
used in its conventional sense and means that 
nutrients are fed to a fermenter substantially con- 
tinuously and that an output, or effluent, stream is 
substantially constantly withdrawn from the fer- 
menter. The nutrient stream usually comprises an 
aqueous organic substrate solution. The effluent 
stream comprises biomass and the liquid phase 
from the fermentation medium. 



30 

Fermentation can be carried out in a bioreac- 
tor, such as a chemostat, tower fermenter or 
immobilized-cell bioreactor. Fermentation is prefer- 
ably carried out in a continuous-flow stirred tank 

35 reactor. Mixing can be supplied by an impeller, 
agitator or other suitable means and should be 
sufficiently vigorous that the vessel contents are of 
substantially uniform composition, but not so vigor- 
ous that the microorganism is disrupted or metabo- 

w lism inhibited. 

Fermentation is carried out with a submerged 
culture and under substantially anaerobic condi- 
tions. While the invention is described in the Exam- 
ples hereinafter with freely mobile cells, it will be 

45 understood that immobilized cells can also be em- 
ployed. The fermenter is preferably enclosed and 
vented to allow the escape of carbon dioxide 
evolved during the fermentation. Oxygen at the 
surface of the fermentation medium is to be avoid- 

50 ed. This may inherently occur as the heavier car- 
bon dioxide evolved during the fermentation dis- 
places the oxygen in the gas phase above the 
medium. If necessary, the gas phase above the 
medium can be purged with an inert gas to remove 

55 oxygen and maintain substantially anaerobic con- 
ditions. 
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The fermenter can be operated with or without 
cell recycle. Cell recycle makes it possible to in- 
crease the productivity of the system by operating 
at a higher steady-state cell concentration com- 
pared to a similar system without cell recycle. 
When cell recycle is employed, a portion of the 
fermenter contents is withdrawn from the ferment- 
er, the ethanol-containing phase is separated from 
the effluent and the resulting concentrated cells 
are returned to the fermenter. The separation is 
typically carried out by microfiltrafion or centrifuga- 
tion. Since the process of this invention is carried 
out at reduced biomass concentration in the fer- 
menter, the load of solids on the cell recycle ap- 
paratus is reduced and ease of ethanol recovery is 
increased. 

The composition of the effluent stream can 
vary and will usually be the same as the composi- 
tion of the fermentation medium. When a flocculent 
strain of Zvmomonas is employed, however, or if 
partial separation of biomass from the liquid phase 



otherwise occurs in the fermenter, the effluent can 
contain a larger proportion of biomass or liquid 
phase depending upon the location where the ef- 
fluent is withdrawn from the fermenter. 

5 The microorganism employed in the process of 
this invention is a gram-negative, faculative an- 
aerobic bacterium of the genus Zvmcmonas ca- 
pable of fermenting an organic substrate to ethanol 
under substantially anaerobic continuous culture 

;o conditions. Typical strains are Zvmomonas 
mobilisa nd Zvmomonas anaerobia. Suitable strains 
of Zvmomonas are available from microorganism 
depositories and culture collections. Examples of 
suitable Z. mobiiis strains are those identified as 

ts ATCC 10988, ATCC 29191, ATCC 31821 and 
ATCC 31823 [ex ATCC 31821]. Examples of other 
strains of Z. mobiiis are those identified as NRRL 
B-14023 [CP 4] and NRRL B-14022 [CP 3]. Floc- 
culent strains can also be employed. These strains 

20 include ATCC 35001 [ex ATCC 29191], ATCC 
35000 [ex NRRL B-14023], ATCC 31822 [ex ATCC 
31821] and NRRL B-12526 [ex ATCC 10988]. Z, 
mobiiis strains are occasionally referred to in the 
literature by the following alternate designations: 

25 



TABLE 1 



Culture Collection 
Accession No, 

ATCC 10988 

ATCC 29191 

ATCC 31821 

ATCC 31822 

ATCC 31823 

NRRL B-14022 

NRRL B-14023 



Literature Designation 

Strain ZM 1 
Strain ZM 6 (or Z6) 
Strain ZM 4 
Strain ZM 401 
Strain ZM 481 
Strain CP3 
Strain CP4 



It will be understood that other Zvmomonas strains 
can be obtained by selective cultivation or mutation 
as well as by genetic engineering techniques to 
provide microorganisms with desired metabolic 
properties. 



The substrate employed in the process of this 
invention is an organic, fermentable substrate for 
the Zvmomonas strain. As the carbon source for 
55 both the growth and fermentation stages of the 
process, various carbohydrates can be employed. 
Examples of suitable carbohydrates are sugars, 
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such as glucose, fructose and sucrose; molasses; 
starch hydrolysates; and cellulose hydrolysates. 
Other suitable substrates will be apparent to those 
skilled in the art. The organic substrate can be 
employed either singly or in admixture with other 
organic substrates. 

The substrate is fed to the fermenter in aque- 
ous solution. The concentration of organic sub- 
strate in the fermentation medium will depend upon 
the culture conditions. The substrate is employed 
in an amount sufficient for cell growth and product 
formation. Typically, the concentration of ferment- 
able substrate in the feed stream to the fermenter 
will be about 100 to about 180 g/L 

The flow rate of the substrate solution to the 
fermenter will depend upon the size and configura- 
tion of the fermenter, the amount of biomass in the 
fermenter and the rate at which substrate is con- 
sumed, and can be determined with a minimum of 
experimentation. The flow rate should be below the 
rate at which a substantial amount of substrate 
appears in the effluent from the fermenter. Prefer- 
ably, the flow rate of the substrate solution to the 
fermenter should be such that the effluent sub- 
strate concentration is less than about 5% S f) and 
should be such that the effluent is substantially free 
of substrate under optimum operating conditions. 

The process of this invention can be carried 
out over a moderate range of temperatures. The 
effects of temperature changes on fermenter per- 
formance- are discussed below, but generally 
speaking, the process of this invention is carried 
out at a temperature of about 27° C to about 37° C, 
preferably about 30 °C. 

Zvmomonas fermentations have been reported 
at pH values ranging from about 4 to about 8 in the 
culture medium. The process of this invention can 
be carried out over a moderate range of pH values 
in the culture medium, but rapid metabolism of the 
organic substrate with high product yield occurs 
over a narrower range. The process of this Inven- 
tion is preferably carried out at a pH of about 4.5 to 
about 6.5. At pH values above about 6.5, product 
yield decreases and the formation of undesirable 
products increases. The particularly preferred pH is 
about 5.5, which was the pH used in ail of the 
fermentations described herein. 

The pH in the culture medium often falls and 
rises during the fermentation. To restrict pH 
changes during fermentation, the medium can be 
buffered. In addition, the pH of the medium can be 
intermittently or continously monitored and acidic 
or basic substances added to adjust pH during the 
course of fermentation. A buffering agent or a pH 
regulating agent that is non-toxic and substantially 
non-inhibitory to the microorganism can be em- 



ployed for this purpose. The pH regulating agent is 
typically a hydroxide or an organic or inorganic 
acid. Examples of suitable pH regulating agents are 
potassium hydroxide, sodium hydroxide and hy- 

s drochloric acid. 

The process should be carried out under suffi- 
ciently sterile conditions to ensure cell viability and 
metabolism. This requires careful selection of the 
microrganism, sterilization of the apparatus for the 

w fermentation and of the liquid and gaseous streams 
fed to the fermenter. Liquid streams can be steril- 
ized by several means, including radiation, filtration 
and heating. Small amounts of liquids containing 
sensitive vitamins and other complex molecules 

75 can be sterilized by passage through microporous 
membranes. Heat-treatment processes are pre- 
ferred for sterilizing the substrate feed stream and 
can be carried out by heating the stream in a batch 
or continuous flow vessel. The temperature must 

20 be high enough to kill essentially all organisms in 
the total holding time. Water utilized in the prepara- 
tion of the substrate solution and in the preparation 
of the fermentation broth in the fermenter can be 
sterilized in a similar manner or by other conven- 

25 tionai techniques. 

After the fermenter has been inoculated with 
the Zvmomonas microorganism, the quantity of 
biomass is multiplied. The growing culture is al- 
lowed to complete the lag phase and substantially 

30 the entire exponential phase of growth before flow 
to the fermenter is initiated. The fermentation is 
allowed to proceed under substantially steady-state 
conditions with the continuous introduction of fresh 
substrate and the continuous withdrawal of product 

35 from the fermenter. While product formation is not 
solely associated with growth, it will be understood 
that a portion of the substrate fed to the fermenter 
goes into cell maintenance. Thus, in the case of 
direct conversion of glucose to ethanol: 

40 

1 mole glucose — 2 moles ethanol + 2 moles C0 2 . 

The maximum conversion is 2 mole ethanol per 

mole glucose or 0.51 g ethanol/g glucose, but 
45 theoretical yield cannot be achieved in practice 

since some of the substrate goes into cell mass. 

The present process is generally carried out at a 

yield of at least about 80%, preferably at least 

about 94%, of theoretical yield. In this context, 
so "complete fermentation" means that greater than 

95% of the sugar substrate has been converted to 

ethanol product. 

Viable cell concentration in the fermenter will 

depend upon several factors, such as dilution rate, 
55 substrate concentration, maximum growth rate and 

growth yield coefficient. The fermenter can be op- 
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erated over a range of biomass concentrations and 
the optimum concentration can be determined with- 
out undue experimentation. The practical range of 
values will generally depend upon process eco- 
nomics. For example, a continuous chemostat cul- 
ture without ceil recycle at maximum substrate 
concentration in the feed stream can typically be 
operated at a maximum biomass concentration - 
(DWB) of about 3.5 g/L A practical range of 
biomass concentrations is about 0.8 to about 32 

The concentration of ethanol in the fermenta- 
tion medium should be maximized in order to re- 
duce the cost of product recovery. The process of 
this invention is carried out at ethanol concentra- 
tions up to about 85 g/L preferably about 28 g/L to 
about 70 g/L, especially about 50 g/L to about 
60g/L, in the fermentation medium. 

Z. mobiiis is sensitive to ethanol concentration, 
and at concentrations in excess of about 50 g/L - 
(5% w/v, at T£ 33°C), cell growth and metabolism 
are retarded. This can be caused by a high con- 
centration of substrate in the feed stream to the 
fermenter. Thus, as the value for S r is increased, 
the maximum dilution rate for substantially com- 
plete conversion of substrate to ethanol decreases. 
The process may be carried out at a dilution rate of 
about 0.05 hr 1 to about 0.35 hr\ preferably about 
0.1 hr 1 to about 0.2 hr\ 



These features of this invention will be more 
fully understood from the following discussion. The 
effects of the limiting nutrient on fermenter perfor- 
mance at various concentrations of substrate in the 
5 feed stream and different dilution rates are summa- 
rized below. The result obtained in a series of 
experiments with varying operating conditions are 
reported in the following Tables. 

70 Nitrogen-Limited Fermentation 

Table 2 shows the effect of increasing the 
concentration of glucose in the feed stream on the 
performance of a continuous fermentation by 2L 

is mobiiis strain ATCC 29191 in a chemostat at a 
constant dilution rate of 0.15 hr 1 under either 
nitrogen-limiting conditions or conditions of 
nitrogen-excess. The amount of assimilable nitro- 
gen was varied by changing the amount of either 

20 yeast extract (YE), ammonium chloride (AC) or 
ammonium sulphate (AS). The amount of the 
nitrogen-limiting additive was the minimal amount 
required to achieve maximal rate of sugar utilization 
and ethanol production by the £ mobiiis strain 

25 under the fermentation conditions. 
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TABLE 2 

Amount of Assimilable Nitrogen as Either 
Yeast Extract (Difco), Ammonium Chloride or 
Ammonium Sulphate Required to Achieve Maximal Rate of 
Sugar Utilization and Ethanol Production by 
2. mobilis ATCC 29191 in Continuous Culture at 
Fixed Dilution Rate (0.15 hr" 1 ) as a 
Function of Feed Sugar Concentration (S r ) . 



Excess Nitrogen 



S r [P] X q s q p 

g/L g/L g/L 



20 9.6 0.58 5.2 2.5 

60 28 1.73 5.2 2.5 

110 52 3.17 5.2 2.5 



Nitrogen Limitation 



S r [P] X q s q p YE AC AS 
g/L g/L g/L g/L g/L g/L 



20 9.6 0.36 8.3 3.9 0.8 0.19 0.23 
60 28 1.1 8.3 3.9 2.4 0.59 0.72 
110 52 2.0 8.3 3.9 4.4 1.10 1.32 



Units: q s =g glu/g cell-hr'l; qp=g eth/g cell-hr"*. 

The data in Table 2 show that a fermenter can be stream, the biomass concentration (X) in the fer- 

operated according to this invention at a lower menter was only 0.36 g/L under nitrogen-limiting 

biomass concentration than under nitrogen-excess conditions, whereas the biomass concentration was 
at a given glucose concentration. For example, with 55 
a glucose concentration (S r ) of 20 g/L in the feed 
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0.58 g/L under conditions of nitrogen-excess. A 
similar comparison can be made for the other 
glucose concentrations shown in Table 2. 

The data in Table 2 also show that the fer- 
menter can be operated at a higher specific rate of 
product formation (qp) under nitrogen-limiting con- 
ditions than under conditions of nitrogen-excess at 
a given glucose concentration. The observed spe- 
cific rate of product formation of 3.9 under 
nitrogen-limiting conditions was approximately 1.56 
times greater than observed q p under condition of 
nitrogen-excess. 

in addition, the data in Table 2 demonstrate 
that as the concentration of glucose in the feed 
stream (S r ) is increased, biomass concentration - 
(X) also increases under both nitrogen-limiting con- 
ditions and nitrogen-excess conditions, but the 
biomass level is less under nitrogen-limiting con- 
ditions than under conditions of nitrogen-excess for 
a given Sr. 

For near complete conversion of glucose to 
ethanol, the amount of limiting nitrogen was in- 
creased as the glucose concentration was in- 
creased. For example, in order to achieve complete 
fermentation of added substrate, the quantity of 



yeast extract in the nutrient medium was increased 
from 0.8 g/L to 4.4 g/L when the glucose con- 
centration in the feed stream was increased from 
20 g/L to 110 g/L The culture expressed maximal 

5 values for q p and q s under these conditions. These 
results were entirely unexpected. 

The data in Table 2 also show that nitrogen- 
limitation in the fermentation medium does not 
appreciably affect product yield when compared 

10 with a similar fermentation carried out under con- 
ditions of nitrogen-excess. The product yield was 
about 92% of the theorectical maximum yield in all 
cases. [[e.g., [28/(60 * 0.51)] * 100 = 92%]]. 
These results were also entirely unexpected. 

75 Another series of fermentations similar to those 
summarized in Table 2 was carried out, except that 
the concentration of glucose in the feed stream - 
(S r ) to the fermenter was maintained at 110 g/L 
while the dilution rate (D) was varied. Table 3 

20 shows the amount of assimilable nitrogen as either 
yeast extract (YE), ammonium chloride (AC) or 
ammonium sulphate (AS) required to achieve maxi- 
mal rate of sugar utilization and ethanol production 
under nitrogen-limiting conditions and conditions of 

25 nitrogen-excess. 
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TABLE 3 

Amount of Assimilable Nitrogen as either Yeast 
Extract (Difco) Ammonium Chloride or Ammonium Sulphate 
Required to Achieve Maximal Rate of Sugar Utilization 
and Ethanol Production by mobilis ATCC 29191 in 
Continuous Culture at Fixed Feed Glucose 
Concentration (S r = 110 g/L) as a 
Function of the Dilution Rate (D) 



Excess Nitrogen 



D 

hr-1 


Sr 

g/L 




X 

g/L 


qs 








0.1 


110 




2 


.53 


4.4 


2.1 






0.15 


110 




3 


.17 


5.2 


2.5 






0.2 


110 




3.63 


6.1 


2.9 






Nitrogen Limitation 


D 

hr-1 


Sr 


X 


<ls 




YE 
g/L 


AC 
g/L 


AS 
g/L 


So 
g/L 


0.1 


110 


1.33 


8.3 


3.9 


3.0 


0.71 


0.88 


5 


0.15 


110 


2.00 


8.3 


3.9 


4.4 


1.07 


1.32 


5 


0.2 


110 


2.65 


8.3 


3.9 


5.9 


1.42 


1.74 


5 


0.2 


110 


2.00 


8.3 






1.07 




30 



Units: q s=g glu / g C ell-hr-l; q p =g eth/g cell-hr-l. 

The data in Table 3 demonstrate that a fer- menter can be operated at a higher specific rate of 

menter can be operated to embody this invention product formation under nitrogen-limiting conditions 

at a lower biomass concentration under nutrient than under conditions of nitrogen-excess at a given 

limiting conditions than under conditions of 55 dilution rate. As the dilution rate is increased, 
nitrogen-excess at a given dilution rate. The fer- 
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biomass concentration in the fermenter also in- 
creases with increasing amounts of nitrogen, but 
the biomass level is less under nitrogen-limitation 
than under nitrogen-excess. 

The amount of assimilable nitrogen required for 
nitrogen-limited fermentation is porportional to the 
dilution rate and must be increased as the dilution 
rate is increased to achieve complete substrate 
conversion to ethanol. The significance of this fea- 
ture of the invention can be more fully appreciated 
by comparing the data in Table 3. When the fer- 
mentation was carried out under nitrogen-limiting 
conditions and the dilution rate was doubled, say 
from 0.1 hr' to 0.2 hr\ the amount of ammonium 
chloride (AC), or its equivalent, had to be about 
double, e.g., from 0.71 to 1.42. in order to ensure 
substantially complete fermentation of the glucose 
substrate. By comparison, when the amount of 
assimilable nitrogen as ammonium chloride was 
maintained at 1 .07 g/L while the dilution rate was 
increased 0.15 hr 1 to 02 hr\ the biomass con- 
centration in the fermenter remained constant at 
2.00 g/L, but the fermentation was incomplete as 
evidenced by the appearance of unfermented glu- 
cose in the fermenter effluent. Tne gtuccse con- 
centration in the effluent (S G ) increased from a level 
of less than 0.5% (w/v) to a level of about 3.0% - 
(w/v) when the concentration of assimilable nitro- 
gen was not adquately controlled. 

Nitrogen limitation according to this invention 
does not appreciably affect the efficiency of con- 
version of substrate to ethanol, expressed as the 
amount of ethanol produced per amount of sub- 
strate utilized, rather than the amount of ethanol 



produced per the amount of substrate added to the 
fermenter. In the fermentations reported in Table 3 
that were carried out according to this invention, 
the observed ethanol concentration was about 52 

s g/L. This corresponded to a product yield of about 
93% of the theoretical maximum yield. 

Under conditions of excess-nitrogen, the spe- 
cific rate of glucose uptake and the specific raie of 
ethanol production increases with increasing dilu- 

10 tion rates. In the case of nutrient-limited fermenta- 
tion, the biomass expresses maximal rate of sugar 
uptake and maximal rate of ethanol production. The 
rates are higher in all cases with nutrient-limitation 
than with nutrient-excess. The data in Table 3 show 

rs that a more pronounced effect on the specific rate 
of glucose uptake and the specific rate of product 
formation can be obtained at lower dilution rates by 
carrying out the fermentation under nitrogen-limit- 
ing conditions according to this invention. 

20 Further work has shown that the advantages to 
be obtained by the process of this invention are 
lessened somewhat when compared to a similar 
process conducted with a nutrient medium contain- 
ing the nitrogen in excess, at dilution rates below 

25 about 0.1 hr 1 . The advantages obtained by the 
process seem to be maximized at a dilution rate of 
about 0.1 hr 1 . 

Data demonstrating that there is typically a 
maximum imposed on both the concentration of 

30 glucose in the feed stream (S r ) to the fermenter 
and the dilution rate (D) when complete conversion 
(95% or more) of sugar to ethanol is desired at 
relatively high ethanol concentrations can be found 
in Table 4. 
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Amount of Assimilable Nitrogen as Either Yeast 
Extract (Difco) Ammonium Chloride or Ammonium Sulphate 
Require to Achieve Maximal Rate of Sugar Utilization 
and Ethanol Production by /L_ mobilis ATCC 29191 at 
High Product Concentration 

D = 0.01 hr' 1 

Excess Nitrogen 



S r Eth X q s q p 

g/L g/L g/L 



140* 65 2.5 5.5 2.6 



Nitrogen Limitation 

S r Eth X q s q p YE AC AS 

g/L g/L g/L g/L g/L g/L 

140* 65 1.9 7.1 3.3 4.3 1.00 1.26 



Units: q s =»g glu/g cell-hr" 1 ; q D =g product/g 
cell-hr-1. V 

* NOTE: S Q = 5 g/L. 

50 



Whan the concentration of glucose in the feed 
stream was elevated to 140 g/L. the maximum 
dilution rate that could be maintained for complete 
fermentation was 0.1 hr 1 . The ethanol concentra- 
tion in the fermentation medium was 65 g/L for this 
glucose level. Table 4 compares the results for 



nitrogen-limited fermentation according to this in- 
vention with fermentation carried out under con- 
ditions of nitrogen-excess. The data show that even 
with a high concentration of sugar in the feed 
55 stream and a high ethanol concentration in the 



13 



25 



0 199 499 



26 



fermentation medium, this invention makes it possi- 
ble to operate at a reduced biomass level, an 
increased rate of substrate uptake and an in- 
creased rate of product formation. 

Potassium-Limited Fermentation 

This invention can also be carried out by 
potassium-limited fermentation of Zvmomonas in 
continuous culture in a manner analogous to the 
nitrogen-limited fermentation previously described 
and with comparable results. The range of tolerable 
amounts of postassium in the nutrient medium is 
rather narrow. For this reason, and for the addi- 



tional reason that the amount of the limiting nutrient 
must be known with substantial precision, 
potassium-limited fermentation is conducted in a 
defined salts medium. An example of a suitable 
5 medium is described hereinafter with reference to 
Table 7. 

The amount of potassium, as potassium chlo- 
ride, required to achieve maximum rate of sugar 
utilization and ethanol production by 2L mobilis 
w strain ATCC 29191 in continuous culture in a 
chemostat at fixed dilution rate of 0.15 hr l was 
determined as a function of feed sugar concentra- 
tion. The results are reported in Table 5. 

TS 
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TABLE 5 

Amount of Potassium (as Potassium Chloride) Required to 
Achieve Maximal Rate of Sugar Utilization and 
Ethanol Production by Z. mobilis ATCC 29191 in 
Continuous Culture at Fixed - Dilution Rate (0.15 hr" 1 ) 
as a Function of Feed Sugar Concentration 



D = 0.15 tar-1 



Excess Potassium 



Sr 


Eth 


X 


q s 




g/L 


g/L 


g/L 






20 


9.6 


0.58 


5.2 


2.5 


60 


28 


1.73 


5.2 


2.5 


110 


52 


3.17 


5.2 


2.5 



Potassium Limitation 
S r Eth X q s q p KC1 



g/L 


g/L 


g/L 






g/L 


20 


9.6 


0.40 


7.5 


3.6 


0.024 


60 


28 


1.2 


7.5 


3.6 


0.071 


110 


52 


2.2 


7.5 


3.6 


0.129 



Units: q s =g glu/g cell-hr" 1 ; q p =g eth/g cell-hr" 1 . 



As shown in Table 5 and as in the nitrogen- 
limited fermentation, potassium-limited fermentation 
can be carried out at lower biomass concentration 
than under conditions of potassium-excess at a 
given glucose concentration. Also, the fermenter 
can be operated at a higher q p under potassium- 
limitation than under potassium-excess at a given 
glucose concentration. As glucose in the feed is 



increased, biomass in the fermenter also increases, 
50 but the biomass level is less under potassium- 
limitation than under potassium-excess. As with 
nitrogen-limited fermentation, the amount of potas- 
sium required for potassium-limited fermentation is 
proportional to the concentration of glucose in the 
55 feed stream; the amount of potassium as KCI must 
be increased as glucose concentration is increased 
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to maintain qp. Once again,- the nutrient limitation 
does not appreciably affect product yield when 
compared with a similar fermentation carried out 
under nutrient-excess. 

When the process is carried out with 5 
potassium-limited fermentation and when it is nec- 
essary to control the pH of the fermentation me- 
dium, a pH regulating agent or buffering agent 
other than potassium hydroxide or other potassium- 
containing compound should be employed, other- 10 
wise it is practically impossible to control the 
amount of potassium in the fermentation medium. 
The use of sodium hydroxide as the pH regulating 
agent in a potassium-limited fermentation has been 
found to be advantageous. Sodium apparently acts 15 
as a potassium antagonist, and the resulting ele- 
vated level of sodium after the addition of sodium 
hydroxide to the fermenter potentiates the effect of 
potassium-limitation on the specific activity of the 
biomass. A buffering agent such as NaH 2 P0«, can 20 
also be employed. 



Phosphorus-Limited Fermentation 

This invention can be carried out by 
phosphorus-limited fermentation of Zvmomonas in 
continuous culture in a manner analogous to the 
nitrogen-limited fermentation previously described 
and with comparable results. As with potassium- 
limited fermentation, the range of tolerable amounts 
of phosphorus in the nutrient medium is rather 
narrow. For this reason, and for the additional rea- 
son that the amount of the limiting element must 
be known with substantial precision, phosphorus- 
limited fermentation is conducted in a de§ned salts 
medium. Once again, an example of a suitable 
medium is described hereinafter with reference to 
Table 7. 

The amount of assimilable phosphorus as po- 
tassium dihydrogen phosphate required to achieve 
maximal rate of sugar utilization and ethanol pro- 
duction by Zvmomonas mobilis strain ATCC 29191 
in continuous culture in a chemostat at fixed dilu- 
tion rate of 0.15 hr l was determined as a function 
of feed sugar concentration. The amount of potas- 
sium dihydrogen phosphate employed and the re- 
sults obtained are reported in Table 6. 
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TABLE 6 

Amount of Assimilable Phosphorus, as KH2PO4, 
Required to Achieve Maximal Rate of Sugar 
Utilization and Ethanol Production by 
Z. mobilis ATCC 29191 in Continuous Culture 
at Fixed Dilution Rate (0.15 hr" 1 ) 
as a Function of Feed Sugar Concentration 



D = 0.15 hr" 1 

Excess Phosphate 

S r Eth X q s qp 

g/L g/L g/L 

20 9.6 0.58 5.2. 2.5 

60 28 1.73 5.2 2.5 

110 52 3.17 5.2 2.5 



Phosphate Limitation 

S r Eth X q s q p KH2PO4 

g/L g/L g/L g/L 

20 9.6 0.42 7.2 3.4 0.04 

60 28 1.25 7.2 3.4 0.13 

110 52 2.29 7.2 3.4 0.23 



Units: q s =g glu/g cell-hr' 1 ; q p =g etb/g cell-hr -1 . 



The data in Table 6 show that the results 
obtained with phosphorus-limited fermentation are 
analogous to the results obtained with nitrogen- 
limited and potassium limited fermentations. 
Phosphorus-limited fermentation can be carried out 



at lower biomass concentration, higher specific rate 
of glucose uptake, higher specific rate of product 
formation and comparable product yield as com- 
pared to fermentation earned out under conditions 
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of phosphorus-excess. The data show that the 
amount of phosphorus required for phosphorus- 
limited fermentation is proportionaJ to the concen- 
tration of glucose in the feed stream. 

When the process is carried out with 
phosphorus-limited fermentation and when it is 
necessary to control the pH of the fermentation 
medium, a pH regulating agent or buffering agent 
other than a phosphorus-containing compound 
should be employed. The additional source of 
phosphorus from a phosphorus-containing pH regu- 
lating agent may prevent the degree of control of 
nutrient-limitation required by the invention. For 
phosphorus-limited fermentation KH 2 PO* can be 
employed as a buffer and NaOH titrant diluted to 
0.5 N in order to avoid large changes in pH during 
automatic titration. 

Formulating the Nutrient Medium 

The identity of the chemical constituents in the 
nutrient medium and the amount of each constitu- 
ent should be sufficient to meet the elemental 
requirements for cell mass and ethanol production 
and should supply appropriate energy for synthesis 
and maintenance. The nutrient medium should con- 
tain carbon, nitrogen, potassium, phosporus, sulfur, 
magnesium, calcium and iron in required amounts. 
The chemical constituents should also meet spe- 
cific nutrient requirements including vitamins and 
trace minerals. 



As the assimilable source of nitrogen, various 
kinds of inorganic or organic salts or compounds 
can be included in the nutrient medium. For exam- 
pier ammonium salts, such as ammonium chloride 

5 or ammonium sulfate, or natural substances con- 
taining nitrogen, such as yeast extract peptone, 
casein hydrolysate or com steep liquor, or amino 
acids, such as glutamic acid, can be employed. 
These substances can be employed either singly 

70 or in combination of two or more. 

Examples of inorganic compounds that can be 
included in the culture medium are magnesium 
sulfate, potassium monohydrogen phosphate, po- 
tassium dihydrogen phosphate, sodium chloride, 

75 magnesium sulfate, calcium chloride, iron chloride, 
magnesium chloride, zinc sulfate, cobalt chloride, 
copper chloride, borates and molybdates. 

Organic compounds that may be desirable in 
the fermentation include, for example, vitamins, 

20 such as biotin, calcium pantothenate, and the like, 
or organic acids, such as citric acid, or amino 
ac\ds f such as glutamic acid. It has been found, 
however, that biotin is not required in the growth 
medium. 

25 Fermentation aids that are non-toxic to the mi- 
croorganism can be included in the nutrient me- 
dium and fermentation broth. For example, an anti- 
foaming agent in a minor amount has been found 
to be advantageous. 

30 Examples of nutrient media that have been 
found suitable for use in this invention are de- 
scribed in Table 7. 



40 



45 



50 



18 



35 



0 199 499 



36 



TABLE 7 

Chemical Composition of Growth Media for 
Continuous Culture of Z. mobilis 



INGREDIENT 



SEMI -SYNTHETIC 
MEDIUM 



DEFINED 
SALTS MEDIUM 





(g/L) 


(g/L) 


D-Glucose 

(anhydrous) 

approx. 


100 


100 


Yeast Extract 
(Difco) 


5 




NH4CI 


2.4 


2.4 


KK2PO4 


3.48 


3.48 


MgS04.7H20 


1.0 


1.0 


FeS04 . 7H20 


0.01 


0.01 


Citric Acid 


0.21 


0.21 


Vitamins 






Ca-pantothenate 


0.001 


.0.001 


Biotin 


0.001 


0.001 


Antif oam 






as required 







The semi-synthetic medium is suitable for use in 
the nitrogen-limited fermentation embodying this 
invention. It will be understood that the composition 
of this medium will depend on the technical quality 
of the nitrogen source. For example, yeast extract 
from a batch from one commercial source may 
exhibit a different potency with respect to the con- 
tent of assimilable nitrogen than a yeast extract 
from a different batch or form another commercial 
source. Also, the amount of the nitrogen source 
required in the medium will depend on the degree 



45 



50 



of hydration; anhydrous chemicals are preferred 
and were employed in the Examples and in the 
fermentations reported in the Tables. 

The defined salts medium is suitable for use in 
carrying out the potassium-limited and phosphorus- 
limited fermentations. Only inorganic sources of 
nitrogen, such as ammonium salts, are employed 
in defined salts media. In the experiments reported 
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in the foregoing Tables and Examples, the defined 
salts medium was used in the potassium-and 
phosphorus-limited fermentations, with the follow- 
ing exceptions. 

Ordinarily, the phosphorus in the nutrient me- 
dium is supplied as a salt having an anion that is 
substantially non-toxic to the microorganism and 
that does not substantially inhibit normal metabolic 
processes. While a potassium salt, such as potas- 
sium dihydrogen phosphate, is typically employed 
for nitrogen-limited and phosphorus-limited fermen- 
tations, a sodium salt is preferably substituted for 
the potassium salt in potassium-limited fermenta- 
tion. For example, sodium dihydrogen phosphate 
instead of potassium dihydrogen phosphate can be 
utilized. Since the amount of available potassium 
must be precisely known under potassium-limited 
conditions, this substitution makes it easier to con- 
trol the relative proportions of nutrients. 

The potassium in the nutrient medium for 
potassium-limited fermentation is supplied by a salt 
having an anion that is substantially non-toxic to 
the microorganism and that does not substantially 
inhibit normal metabolic processes. The source of 
potassium is preferably potassium chloride, al- 
though similar water-soluble, inorganic salts can be 
employed. 

The amount of limiting nutrient in the nutrient 
medium mainly depends on two factors: The con- 
centration of substrate in the feed stream to the 
fermenter and the dilution rate. As the substrate 
concentration at a constant dilution rate is in- 
creased, the amount of limiting nutrient is in- 
creased. Similarly, at a constant substrate con- 
centration, the amount of limiting nutrient is in- 
creased as the dilution rate increases. These rela- 
tionships apply to nitrogen-limited, potassium-limit- 
ed and phosphorus-limited fermentations, since the 
fermentations are analogous , to each other. The 
concentrations of inorganic salts other than the N-, 
K-and P-containing salts are relatively invariant with 
the formulations shown in Table 7. 

The nutrient media in Table 7 can also be 
employed in a fermentation carried out under con- 
ditions of nutrient excess. For example, a nitrogen- 
excess medium based on yeast extract (Difco) and 
ammonium ion can contain about 5 to about 10 g/L 
of the yeast extract and about 15 to about 34 mM, 
preferably about 30 mM, ammonium ion. Molar 
values are given because the weight depends on 
the particular ammonium salt chosen. For ammo- 



nium chloride the corresponding concentrations 
would be about 0.8 to about 2.4 g/L preferably 
about 1.6 g/L The nutrient medium used in the 
fermentations carried out under conditions of 

5 nitrogen-excess and reported in Tables 2, 3 and 4 
was the semi-synthetic medium of Table 7 contain- 
ing 5 g/L yeast extract (Difco) and 1.6 g/L NH*Cl. 

The amount of limiting nutrient namely nitro- 
gen, potassium or phosphorus, expressed as the 

10 concentration in the growth medium being fed to 
the fermenter, required to achieve a condition of 
growth limitation can be determined from Equations 
(1) and (2) and a knowledge of values for the 
growth yield with respect to the particular limiting 

75 nutrient and the maximum specific rate of substrate 
utilization fas 1 " 33 "). While these values may be strain 
specific, they can be experimentally determined 
and examples are given below. 

The equations used to calculate the amount of 

20 limiting nutrient required to achieve a condition of 
nutrient deficiency or limitation are: 

N« = X7Y n (1) 

25 where N" = the amount of source of nutrient g; 

X* = the dry mass of cells (dry wt biomass), g; and 

Y„ = growth yield coefficient for a specified limlt- 
30 ing nutrient n; g dry biomass/g-atom nutrient 
source (see Table 9). 

The value for X* in Equation (1) is determined 
by Equation (2): 

35 X- = S r (D)fq s max (2) 

where S r = the concentration of substrate in the 
feed stream to the fermenter, g/L 

40 D = the dilution rate, hr 1 ; and 

q™** = the maximum observed specific rate of 
substrate uptake for the strain of Zvmomonas be- 
ing used in the continuous fermentation, g glu/g 
45 biomass-hr T ; (see Table 10); 

and wherein S r £ 140 g/L and D * 0.1 hr 1 . 

Experimentally determined values of various 
growth yield coefficients (Y n ) for Z. mobilis strain 
so ATCC 29191 with respect to different sole sources 
of assimilable nitrogen are given in Table 8. 
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TABLE 8 

Observed Values of Growth Yields 
(Z. mobilis ATCC 29191) 



Nitrogen Source Growth Yield Y n 

Yeast Extract (Difco) 0.45 g dry biomass/g YE 

Ammonium Chloride 1.87 g dry biomass/g NH4CI 

Ammonium Sulphate 1.52 g dry biomass/g 

(NH4>2S04 



Growth yield coefficients (Y n ) with respect to 
nitrogen, phosphorus and potassium were calcu- 
lated from steady-state biomass concentrations in 
respectively limited chemostat cultures at a fixed 
dilution rate of 0.15 hr\ a constant temperature of 
30 °C and a pH of 5.5. In each case the entering 
glucose concentration was approximately 100 g/L 
The results are summarized in Table 9. The value 



of growth yield with respect to potassium is influ- 
enced by the [Na + ] such that Y K decreases with 
increasing concentration of Na* in the culture me- 
dium. The titrant used to maintain pH was NaOH. 
Observed values for different growth yields for Z. 
mobilis are in good agreement with general values 
cited in the literature with respect to the elemental 
composition (% w/w) of bacteria. 



TABLE 9 



Calculated Values of Growth Yields 
(Z. mobilis ATCC 29191) 



Type of Y n Growth Yield Composition 

Limiting (g biomass/g atom) of Biomass 

Nutrient ■ " % w/w 



Nitrogen (N) 7.1 14 

Phosphorus (Pi) 44 2.3 

Potassium (K + ) 33 3.0 



The values given in Table 9 can be substituted in 
Equation (1). It will be understood that these values 
may vary with the fermentation system and operat- 
ing techniques and should be confirmed by experi- 
mentation in the system under study or in question. 



It has been suggested in the literature that the 
values for q s max and q p ma * are stain specific traits in 
Z. mobilis. In any event, q s max and q p max for the 
strain of interest can best be determined by means 
of non-carbon limitation under steady-state con- 
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drtions in continuous culture in a chemostat The 
value for q^ may vary depending on the nature 
of the limiting nutrient and the particular strain of Z. 
mobilis chosen, but q s™* is generally about 7 to 
10 g giucose/g cell-hr 1 . 



Experimentally determined values of q s max for 
nutrient-limited fermentations by the strain ATCC 
29191 are given in Table 10. 

s 



TABLE 10 

Observed Average Values of Maximum Specific Rate of 
Glucose Uptake for Nutrient-Limited 
Fermentation by Strain ATCC 29191 in 
Continuous Culture in a Chemostat 



Type of 
Limiting 
Nutrient 
n 



Chemical 
Identity of 
Nutrient 



q g max Yx/h 
(g glucose/g (g/glu/g 
biomass -hr -1 of n 



Nitrogen 



Potassium 
Phosphate 



NH4CI 

(NH 4 ) 2 S0 4 

Yeast Extract 
(Difco) 

KC1 

KH2PO4 



8.3 
8.3 

8.3 
7.5 
7.2 



1.87 
1.52 

0.45 

17 

10 



The values in Table 10 can be substituted in 
Equation (2), once again subject to confirmation in 
the system under study. 

The observed q^^ 3 * for potassium-limited Z. 
mobifis strain ATCC 29191 has been found to be 
7.5 g glucose/g biomass-hr 1 , and the value for the 
growth yield (Y*) with respect to KCI has been 
found to be 17 g biomass/g KCI. The observed 
value for Y K is 33 g biomass/g K + , which is equiv- 
alent to saying that the biomass is 3% w/w potas- 
sium. Equations (1) and (2) can also be used to 
predict the amount of potassium (e.g., as KCI) 
required to achieve a condition of potassium limita- 
tion in continuous culture at various values for the 
concentration of glucose in the feed stream (S r ) 
and dilution rate (D). 



The observed average value for qs 1 ™* for a 

40 phosphorus-limited culture of Z. mobilis is 7.2 g 
glu/g biomass-hr" 1 and the growth yield with re- 
spect to phosphorus (as potassium dihydrogen 
phosphate) is 10 g biomass/g KH 2 PO«. The ob- 
served Y p is 44 g biomass/g P, which is equivalent 

45 to biomass being 2.3% w/w with respect to its 
phosphorus content These values can be substi- 
tuted appropriately into Equations (1) and (2) in 
order to predict the amount of phosphorus required 
to achieve a condition of phosphorus-limitation at 

50 various values of S r and dilution rate. 

The values in Tables 8 and 9 were determined 
at various values for S,and 0. As mentioned pre- 
viously, because Z. mobilis is sensitive to ethanol 
at concentrations in excess of about 5% (w/v) t 

55 there is an upper limit to the practical value of S r , 
namely about 150 g fermentable sugar/L 
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The following Examples illustrate working em- 
bodiments of this invention. 

EXAMPLE 1 

5 

Continuous ethanol fermentations were per- 
formed in apparatus similar to that described in the 
Figure. Bench-top chemostat (Model C30, New 
Brunswick Scientific Co. N.J.) were used in which 
the constant working volume (V) of 350 ml was to 
established and maintained by means of an at- 
tached overflow tube. The culture was agitated by 
means of a pair ol turbine six-blade impellers op* 
erating at 200 RPM. The temperature was con- 
trolled at 30 °C and the pH was monitored using a is 
combination Ingoid electrode coupled to a Model 
pH-40 (New Brunswich Scientific) pH analyzer. The 
addition of titrant (KOH) was controlled automati- 
cally by the pH controller and maintained at 5.5. 
The vessel was not sparged with- gas of any kind 20 
except during start-up when oxygen-free N 2 was 
used at a rate of approximately 0.5 v/v/m. 

The chemical composition of the semi-synthet- 
ic culture medium is described in Table 7. The 
concentration of glucose was 20, 60 or 110 g/L 2s 
Yeast extract obtained from Difco was the sole 
source of assimilable nitrogen added to the culture 
medium (i.e., ammonium chloride was not added). 
In order to achieve a condition of nitrcgen-excess 
growth, 5 g/L yeast extract were added to the basal 30 
salts medium (at all concentrations of glucose). For 
nitrogen-limitation the amount of yeast extract ad- 
ded to the salts medium depended on the amount 
of glucose in the medium such that for media 
containing 20, 60 and 110 g glucose/L, yeast ex- as 
tract in amounts of 0.8, 2.4 and 4.4. g, respectively, 
were added per liter (L). 



Polypropylene glycol 2025 was added to the 
medium as an antifoaming agent at a concentration 
of 0.1 ml/L. Media were prepared and autoclaved in 
13 L pyrex carbuoys. Sterile culture medium was 
fed to the fermenter at a constant rate (F) by 
means of a peristaltic pump such that the dilution 
rate (calculated as F/V) was 0.15/hr 1 . The fer- 
menter was inoculated (15% v/v) with £ mobilis 
ATCC 29191, which had been grown overnight in 
medium of similar composition in a non-agitated 
flask incubated at 30°C. Flow to the fermenter was 
not commenced until the culture was in late-ex- 
ponential phase of growth. Growth and biomass 
concentration were determined as dry weight of 
culture collected on preweighed microporous filters 
(Millipore Corp., 0.45 urn pore size). Sampling the 
biomass and weighing the dry cells has been found 
to be much more accurate and reliable than tur- 
bidity measurement or measurements made by 
indirect methods. Steady-state was presumed to 
have occurred after a minimum of 4 culture tur- 
novers, a turnover being equivalent in time to the 
reciprocal of the dilution rate. Glucose was deter- 
mined using a YSI Glucose Analyzer (Model 27, 
Yellow Springs Instrument Co., Ohio). Ethanoi was 
measured by HPLC (HPX-87H Aminex, 300 x 7.8 
mm column, from Bio-Rad, Burlington, Ont Can.). 
The culture was routinely examined for contamina- 
tion boih by microsccpic assessment and by plat- 
ing on selective diagnostic agar media. 

The specific rate of glucose uptake, q s , (g 
glucose consumed/g biomass-hr 1 ), was calculated 
as follows: 



q s = [S r - S 0 ]D 
X 



where S r and S 0 represent the concentration of 45 D = the dilution rate (hr 1 ); and 



fermentable sugar in the feed reservoir and fer- 
menter effluent, respectively; 



50 



X = the dry weight culture biomass concentration - 

(g/L). 

Similarly, the specific rate of ethanol formation, 
Qp» (g ethanol/g biomass-hr') was calculated as 
follows: 
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q p ~ [P] D 
X 



where [PI represents the steady-state ethano! con- 
centration. 

The resuits of this experiment are summarized 
in Table 2. 

EXAMPLE 2 

The same procedure was followed as in EXAM- 
PLE 1 except the sole source of nitrogen was 
ammonium chloride (no yeast extract was added to 
the medium and as such it is referred to as a 
defined salts medium). -Table 2 shows the amount 
of ammonium chloride (NhLCI) used at different 
values for S r with respect to glucose, these being 
0.19, 0.59 and 1.10 g NhUCl/L for S r glucose values 
of 20, 60 and 110 g/L, respectively. 

EXAMPLE 3 

The same procedure was followed as in EXAM- 
PLE 1 except that the sole source of assimilable 
nitrogen was ammonium sulphate (AS). The 
amounts added and the results obtained are shown 
in Table 2. 

EXAMPLE 4 

Experiments were performed with Z. mobilis 
strain ATCC 31821. The results were substantially 
the same as those observed with strain ATCC 
29191. 

EXAMPLES 

Experiments were performed with 2. mobilis 
strain ATCC 10988. The results were substantially 
the same as those observed with strain ATCC 
29191. 

EXAMPLE 6 

Experiments were performed to show the 
amount of assimilable nitrogen required to achieve 
nitrogen-limitation as a function of dilution rate. The 
results are summarized in Table 3. S r was constant 
at 110 g/L and the dilution rate was set at 0.1. 0.15 
and 02 hr\ The sole sources of nitrogen were 
yeast extract (Difco), ammonium chloride and am- 



monium sulphate. Although the results shown in 
Table 3 were obtained with strain ATCC 29191, 
substantially similar results were observed with 
both ATCC 31821 and ATCC 10988. 

EXAMPLE 7 

Table 4 summarizes the results of an experi- 
ment with ATCC 29191 to illustrate the effect of 
end-product (ethanol) inhibition on the general for- 
mula for predicting fermentation performance under 
conditions of nitrogen excess and nitrogen limita- 
tion. Even when the continuous fermenter was op- 
erated near its upper limit with respect to ethanol 
concentration, the specific activities (q s and q p ) of 
the culture were improved by imposing the con- 
dition of nitrogen limitation. 

EXAMPLE 8 

Experiments were performed to show the 
amount of potassium required to achieve 
potassium-limitation as a function of glucose con- 
centration at a constant dilution rate for ATCC 
29191. D was constant at 0.15 hr\ the pH was 
controlled with NaOH at 5.5 and S r was set at 20, 
60 and 110 g/L. The sole source of potassium was 
KCL The concentration of KCl and results obtained 
are summarized in Table 5. 

EXAMPLE 9 

Experiments were performed to show the 
amount of assimilable phosphorus, as KH 2 PO«, re- 
quired at various sugar concentrations to achieve 
maximal rate of sugar utilization and ethanol pro- 
duction by Z. mobilis strain ATCC 29191. in con- 
tinuous culture in a chemostat at a fixed dilution 
rate of. 0.1 5 hr\ A pH of 5.5 was maintained with 
KOH. The concentrations of KH 2 P0* and the results 
obtained are shown in Table 6. 

Effect of Temperature on Nutrient-Limited Fermen- 
tation 

Microbial growth and product formation are the 
result of a complex series of biochemical reactions 
that are temperature dependent Zvmomonas 
strains have a broad range of temperatures within 
which metabolic processes will occur and an opti- 
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mum temperature range within which the rate of 
product formation increases. Above the optimum 
temperature, the rate of product formation rapidly 
declines, due in part to an increasing cell death 
rate and reduced cell growth rate. Lower biomass 
level translates to incomplete fermentation in a 
continuous system unless the dilution rate is ad- 
justed appropriately downwardly. This is because, 
at relatively high substrate concentrations in the 
fermenter feed, the specific rate of substrate up- 
take will increase with increasing temperature, but 



the reduced biomass decreases the capacity of the 
fermenter to process the same substrate load. 
Heretofore, the optimum temperature was not ex- 
ceeded when the object was to obtain maximum 

s conversion of substrate to product in the the least 
possible time. 

The effect of temperature on the maximum 
specific growth rate (u max ) of Z. mobiiis strain 
ATCC 29191 in batch culture has been reported in 

io the literature and is shown in Table 1 1 . The culture 
medium contained 2% (w/v) glucose. 



TABLE 11 

The Effect of Temperature on the Maximum Specific 
Growth Rate of mobiiis ATCC 29191 in 
Batch Culture (2% glu and pH 5.5) 



Temperature (°C) u max (h*" 1 ) 

30 0.27 
33 0.38 
36 0.26 



The data in Table 1 1 show that as the tempera- 
ture in the culture medium was increased from 
30 °C to 33 °C, the maximum specific growth rate 
increased, but with a further increase in tempera- 
ture from 33 °C to 36 °C, the maximum specific 
growth rate deciined. Thus, the optimum fermenta- 
tion temperature for this system was about 33°C. 
Ceil growth was inhibited above this temperature. 



While increasing temperature affects cell 
35 growth as shown in Table 11, it has now been 
found that increasing temperature also affects sub- 
strate conversion and product formation. Table 12 
shows the effect of increasing temperature on per- 
formance of a carbon-limited continous fermenta- 
40 tion by Z. mobiiis strain ATCC 29191 in a 
chemostat at a constant dilution rate of 0.19 hr\ 
The substrate was fed to the chemostate as an 
aqueous solution containing 2% (w/v) glucose. 
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TABLE 12 



Effect of Increasing Temperature on Performance of 
Carbon-Limited Continuous Fermentation by 
Z. mobilis ATCC 29191 at Constant Dilution Rate 
^^D=0.19 hr" 1 ; 2% glu; pH 5.5) 





30°C 


33°C 


36°C 


S r (g/L) 


20.7 


20.7 


20.7 


S 0 (g/L) 




0.1 


0.5 


X (g/L) 


0.65 


0.55 


0.45 


q s (g/g-hr -1 ) 


5.9 


7.25 


8.8 


^PCg/g-br" 1 ) 


2.80 


3.41 


4.14 


Vs(g/g) 


0.47 


0.47 


0.47 



in the continuous fermentations reported in Ta- 
ble 12, the glucose concentration in the feed to the 
fermenter was maintained constant at 20.7 g/L 
When the temperature in the fermentation medium 
was increased from 30°C to 33°C f the biomass 
concentration (X) in the fermenter decreatsed, but 
this decrease was compensated for by an increase 
in the specific rate of glucose uptake (q s ). it will be 
observed, however, that glucose began to appear 
in the fermenter effluent (Le.. S 0 = 0.1 g/L) at 
33°C. 

When the temperature in the fermentation me- 
dium was further increased from 33 °C to 36° C, 
once again the biomass concentration in the fer- 
menter declined, this time from 0.55 g/L to 0.45 



30 g/L but the decline was offset by a further increase 
in the specific rate of glucose uptake (q^. The 
conversion of glucose to ethanol was incomplete 
and the concentration of glucose in the effluent - 
(S 0 ) increased to 0.5 g/L While the yield coefficient 

35 (Ypfe) remained constant at 0.47 g/g, the presence 
of uncoverted glucose in the effluent was unaccep- 
table. 

The effect of increasing temperature on the 
performance of KMimited continuous fermentation 
40 by Z. mobilis strain ATCC 29t91 in a chemcstat at 
a constant dilution rate of 0.15 hr~ l is shown in 
Table 13. Potassium was supplied as KCi at a 
concentration of 0.13 g/L 

45 



50 



55 



26 



51 



0 199 499 



52 



TABLE 13 

Effect of Increasing Temperature on Performance of 
K + -limited Continuous Fermentation by 
Z. mobilis ATCC 29191 at Constant Dilution Rate 

(D = 0.15 hr-1) 





30°C 


35°C 


Sr g/L 


110 


110 


[KC1] g/L 


0.13 


0.13 


X (g/L) 


2.2 


1.48 


q s (g/g-hr" 1 ) 


7.5 


8.9 


Ykci (g/g) 


17 


11.5 


S 0 (g/L) 
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The data in Table 13 show that, increasing the 
temperature in the fermentation medium from 30°C 30 
to 35°C at a constant glucose concentration in the 
feed stream of 110 g/L resulted in a decrease in 
the biomass concentration and an increase in the 
specific rate of glucose uptake (q s ). In this case, 
however, the yield coefficient (Y n where n = KCI) & 
declined from 17 g/g KCI to 11.5 g/g KCI and the 
glucose concentration in the effluent increased 
from 0 g/L to 22 g/L These changes in system 
performance would adversely affect process eco- 
nomics in a commercial operation. ^ 



Table 14 shows the effect of increasing tem- 
perature on performance of a K*-limited continuous 
fermentation by strain ATCC 29191 in a chemostat 
at varying dilution rates. The substrate was fed to 
the fermenter as an aqueous solution containing 
2% (w/v) glucose and at a fixed flow rate. Potas- 
sium was supplied as KCI at a concentration of 0.1 
g/L 
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TABLE 14 

The Effect of Temperature on Kinetics of 
K + -limited Z. mobilis Strain ATCC 29191 



Temp. S r S 0 D X q s q p 

(°C) (g/L) (g/L) (hr-1) (g/L) (g/g-hr-1) (g/g-hr'l) 



30.0 


100 


18.3 


0.155 


1.70 


7.40 


3.48 


32.8 


100 


10.6 


0.157 


1.68 


8.20 


3.85 


35.0 


100 


34.8 


0.160 


1.15 


8.90 


4.0 



Increasing the temperature by 2-3° C resulted in 
more conversion of glucose to ethanol, i.e. from 
approximately 82% to 90%, as judged by the de- 
crease in effluent glucose (S 0 ). However, further 
increase in temperature caused more glucose to 
appear in the effluent and the conversion fell to 
65%. At 35 a C the morphology of the culture 
changed dramatically becoming very filamentous. 
The result of operation at 35°C was a reduced cell 
density, and even though the q p was higher, the 
reduced biomass could not handle the sugar load. 
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The effect of increasing temperature on the 
performance of a KMtmited continuous fermenta- 
tion by Z. mobilis according to this invention is 
shown in Table 15. The fermentation was carried 
out by Z. mobilis strain ATCC 29191 in a 
chemostat at a constant dilution rate of 0.15 hr\ 
Potassium was supplied as KCI at concentrations 
indicated 
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TABLE 15 

Effect of Increasing Temperature on Performance 
of K + -limited Continuous Fermentation by 
Z. mobilis Strain ATCC 29191 at Constant Dilution Rate 

(D = 0.15 hr" 1 ) 





30°C 


35°C 


35°C 


S r g/L 


110 


110 


110 


[KC1] g/L 


0.13 


0.13 


0.16 


X (g/L) 


2.2 


1.48 


1.85 


<ls (g/g-hr" 1 ) 


7.5 


8.9 


8.9 


YKCl(g/g) 


17 


11.5 


11.5 


S 0 (g/L) 
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The concentration of substrate to the. fermenter 
was the same in all cases, i.e.. 110 giucose/L 
Comparing column 2 with column 3 in Table 15, 
when the ferrmentation temperature was increased 
from 30 °C to 35 3 C, the biomass concentration (X) 
decreased from 2.2 g/L to 1.48 g/L, while the 
specific rate of glucose uptake (q s ) increased from 
7.5 to 8.9 g/g-hr 1 . The amount of glucose in the 
effluent (S 0 ) also increased from 0 to 22 g 
glucose/U which was commercially unacceptable. 

Comparing column 2 with column 4 in Table 
15, it is seen that by increasing the concentration 
of the limiting nutrient according to this invention, 
i.e. [KCl] in this case, when the temperature was 
increased from 30°C to 35°C, the biomass con- 
centration (X) in the fermenter decreased from 22 
g/L to 1 .85 g/L while the specific rate of glucose 
uptake (q s ) increased from 7.5 to 8.9 g/g-hr 1 . How- 
ever, there was substantially no glucose in the 
effluent from the fermenter when the concentration 
of the limiting nutrient was properly controlled, i.e., 
S 0 = 0. 

These results demonstrate that this embodi- 
ment of the invention makes it possible to improve 
the performance of Zvmomonas in continuous 
ethanol fermentation at increased temperatures. 
The specific rate of substrate uptake can be main- 
tained, and even increased, at fermentation tem- 
peratures of about 33°C to about 37°C even 
though there is a lower biomass concentration in 
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the fermenter. These results can be achieved with- 
out substantial amounts of substrate in the effluent 
from the fermenter. These results are made possi- 
ble by carrying out continuous ethanol fermentation 
with Zvmomonas strains under nutrient-limited con- 
ditions, where the limiting nutrient is nitrogen, po- 
tassium or phosphorus. The concentration of the 
limiting nutrient in the fermentation medium is in- 
creased with increasing temperature and de- 
creased with decreasing temperature. 

In summary, the processes described make it 
possible to carry out a continuous fermentation by 
Z. mobilis at reduced biomass concentration in the 
fermenter, increased specific rate of substrate up- 
take, increased specific rate of product formation 
and substantially without substrate in the effluent 
by regulating the amount of limiting nutrient. The 
processes of this invention take into account the 
unexpected decrease in growth yield with respect 
to the limiting nutrient and adjust the amount of the 
nutrient in the medium accordingly. The processes 
aim to take into acount the temperature, such as 
35 °C, with respect to fermentation capacity, and at 
a higher specific rate of substrate uptake and a 
higher specific rate of product formation with a 
lower biomass concentration in the fermenter. As 
previously discussed, this can be of considerable 
advantage in designing and operating a continuous 
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fermentation with cell recycle where the productiv- 
ity is typically limited by the concentration of 
faiomass that can be handled by the recycle device 
be ft a filtration system, centrifuge or settler. 

Claims 



1. A continuous process for the production of 
ethanol, which comprises 10 

feeding an aqueous substrate solution substantially 
continuously to a reactor containing a fermentation 
medium and a submerged culture of an organism 
of the genus Zvmomonas ; 15 

cultivating said organism to produce ethanol under 
anaerobic conditions in an aqueous nutrient me- 
dium containing potassium and assimilable carbon, 
nitrogen and phosphorus; and 20 

removing an effluent containing ethanol from the 
reactor, 

wherein said nutrient medium is limited in one or 25 
more of the nutrients selected from the group con- 
sisting of potassium, assimilable phosphorus and 
assimilable nitrogen; and 

wherein said process is conducted as a nutrient- 30 
limited fermentation and under conditions such that 
biomass expresses its maximal value for both q s 
and q p under conditions of nutrient limitation and 
said process is conducted at a lower biomass 
concentration and a higher specific rate of ethanol 35 
formation than a similar process conducted with a 
nutrient medium containing said limiting nutrient in 
excess. 

2. A process as claimed in claim 1 in which: 40 

(i) the concentration of said limiting nutrient in 
said nutrient medium is proportional to the con- 
centration of substrate in said substrate solution 
such that limiting nutrient concentration is in- 45 
creased as substrate concentration increases 
and is decreased as substrate concentration de- 
creases; 

(ii) the concentration of said limiting nutrient in 
said nutrient medium is proportional to a dilution 
rate, such that limiting nutrient concentration is 
increased as dilution rate increases and is de- 
creased as dilution rate decreases; or 

(Hi) the concentration of said limiting nutrient in 



said nutrient medium is proportional to the tem- 
perature of said fermentation medium, such that 
limiting nutrient concentration is increased as 
said temperature increases and is decreased as 
said temperature decreases. 

3. A process as claimed in claim 1 or 2 in which 
the amount of said limiting nutrient contained in 
said nutrient medium is: 

N* = X7Y n 

where N' = the dry mass of cells (dry wt 
biomass), g; 

Y n = growth yield coefficient for a specified 
limiting nutrient n; g dry biomass/g-atom nutrient 
source 

and where 

X7 = SAD)^™* 

where S r - the concentration of substrate in the 
feed stream to the fermenter, g/U 

D = the dilution rate, hr 1 ; and 

q s max = the maximum observed specific rate of 
substrate uptake for the strain of Zvmomonas 
being used in the continuous fermentation, g 
giu/g biomass-hr 1 ; 

and wherein S r £ 140 g/L and D £0.1 hr\ 

4. A process according to claim 2 in which 
fermentation is conducted at a temperature of 
about 33°C to about 37° C. 

5. A process according to claim 2 wherein fer- 
mentation is conducted at a temperature of 
about 27°C to about 37°C. 

6. A process according to claim 5 wherein fer- 
mentation is conducted in a fermentation me- 
dium having a pH of about 4.5 to about 6.5. 



8. A process according to claim 7 wherein said 



7. A process according to any preceding claim 
wherein said organism is a Z. mobilis strain 
50 selected from the group consisting of ATCC 
10988, ATCC 29191, ATCC 31821 and ATCC 
31823 or a Z. mobilis floccuient strain selected 
from the group consisting of ATCC 31822, ATCC 
35001. ATCC 35000 and NRRL B-12526. 
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11. A process according to any preceding claim 
wherein fermentation is carried out in a ferment- 
er with cell recycle. 

5 12. A process according to any preceding claim 
wherein said nitrogen is derived from ammonium 
chloride, ammonium sulphate or mixtures there- 
of, said phosphorus is derived from KHjPOt; and 
said potassium is derived from KCI. 
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substrate is comprised of glucose. 

9. A process according to claim 2 wherein sub- 
strate concentration in said substrate solution is 
about 100 g/L to about 180 g/L 

10. A process according to any preceding claim 
wherein the concentration of ethanol in the fer- 
mentation medium is about 50 g/L to about 60 
g/L and the concentration of substrate in effluent 
from the process is less than about 5 g/L 
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